Introduction
The ventral side of gecko toes bears so-called lamellae with arrays of 3-5 mm thick setae, which are further subdivided at their tips into 100-1000 single nanofibres ending with flattened tips (spatulae) of both width and length of about 200 nm [1] [2] [3] [4] [5] and thickness about 15 nm [6] (figure 1). Such subdivision of large adhesive contact into many single separate contacts leads to the enhancement of adhesive force of this fibrillar system for a variety of reasons [7] [8] [9] . This effect is also enhanced by the specific spatula-like shape of single contacts [10] [11] [12] .
One of the important problems of the synthesis of artificial fibrillar adhesives, inspired by the gecko foot hair, is so-called clusterization [13] . If an artificially produced structure is flexible enough to allow efficient contact with natural rough surfaces, after a few attachment-detachment cycles the fibres of the structure tend to glue one to another and form clusters [14, 15] . Normally, such clusters are much larger than original fibres and, owing to their lower flexibility, they form much worse contacts with the surfaces, especially with rough surfaces [8] . Main problem here is that forces responsible for the clusterization are the same intermolecular forces which attract fibres to the uneven surface of the substrate. The optimization between such variables as fibre radius, fibre aspect ratio, material properties and contact shape recently provides an optimal solution, which has been described in a recent paper [16] .
However, arrays of real gecko setae are much less susceptible to this problem, in spite of their very high aspect ratio. One of the reasons is that every single seta is a hierarchical structure (figure 1b,c), and each level of such a multilevel architecture is not sensitive to clusterization [17, 18] . Another possible reason for low clusterization ability of real setae is that the ends of the seta have more sophisticated non-uniformly distributed three-dimensional structure (figure 1) than that of existing artificial systems [14, 15] and than that considered in existing models [18] . In this paper, we simulated three-dimensional spatial geometry of non-uniformly distributed branches of nanofibres of the setal tip numerically, studied its attachment-detachment dynamics and discussed its advantages versus uniformly distributed geometry.
Mathematical model
Our discrete numerical model is organized as follows. We describe the dynamics of a set of elastic fibres attached to one wider rigid root fibre, which is initially placed at some angle w t¼ 0 ¼ w 0 and on some distance from the contact surface. The conceptual structure of the model is shown in figure 2 . For definiteness, the number of elastic fibres is equal to 10 N x ¼ 10, and each fibre is constructed of 50 elastic segments N y ¼ 50, each having a length of dR ¼ 0.04 mm, to correspond to the total length of each fibre according to the measurements from our scanning electron microscopy (SEM) images (figure 1). The fibres are provided with longitudinal (K jj ) and transverse (K ? )
Transverse stiffness tends to hold the angle between the neighbouring segments close to 1808, and longitudinal one is responsible for its reaction on the extensions along the fibres. A deformation of fibres produces elastic forces proportional to their stiffness. Longitudinal force, F jj jk , is described here by a double-well potential, which is constructed to keep a distance between the nodes R j and R j+ 1 close to the equilibrium length of the segment dR:
where R j is a position vector of the middle of the segment (the node) j; k ¼ j + 1. This form of the equation for the longitudinal force was chosen, because it is linear at small displacement and increases nonlinearly at large displacements. Combination of these two impacts causes a minimum of effective potential at equilibrium length dR. Second force, F ? j , is directly proportional to the lateral deflection and tends to keep R j close to the mean value between its nearest neighbours, (R j+ 1 þ R j2 1 )/2:
2)
It must be noted that the 'transverse' force F ? j is chosen in the present form because it is easy to realize numerically, in order to prevent bending of the fibres, but it is not purely bending force, because it may include a longitudinal component.
We construct the initial structure of the fibres in a manner to mimic as much as possible the form of such a structure of a real animal shown in figure 1 . Each of the fibres is elastically attached to the rigid root fibre (bold straight line in the conceptual image). The fibres have different lengths and orientations. As result, their ends are shifted one from another in three rsfs.royalsocietypublishing.org Interface Focus 5: 20140065
directions: parallel to the line of the root and in two orthogonal directions. To mimic better the natural structure, we generated individual initial positions of every single segment numerically. Resulting configuration is shown in the conceptual image (figure 2). It reproduces also a correct orientation of the terminal parts (spatulae) of the fibres, which are turned backward to the root in equilibrium gecko hair. According to the main hypothesis of this study, different positions of the fibre ends of the realistic fascicle-like spatial structure of the seta and its orientation to the surface are important for the functional efficiency of the structure. So, our aim was to study how attachment scenario depends on the threedimensional configuration and as a result, how practically important parameters (fraction of attached spatulae, and tendency to clusterization at an equilibrium) correlate with the three-dimensional spatial structure of the seta.
In a real system, an additional degree of freedom comes from the rotation of the relatively rigid root fibre. To reproduce it in the model, rotational stiffness, B, is introduced, which dynamically tends to keep the root angle w close to w 0 . In the first approximation, the rotational force acting on it is linearly proportional to the difference w 0 2 w:
At B greater than 0, the force in equation (2.3) tends to attract the angle w to its equilibrium value w 0 . As a result, the whole system rotates towards the substrate, when the fibres are attracted to it. If a force between the surface and the fibres is absent, the system gradually returns to a shape close to the initial one depicted in figure 2.
Real surfaces of the substrates, where the fibres attach to, have semi-fractal structure with well-known Fourier spectrum and amplitude of roughness. It can be simulated by the self-affine fractal given by the real part of the function
with scaling spectral density C(q). Here, A is amplitude of surface roughness, i is imaginary unit, q x,y are Fourier components along x-and y-directions, q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi q 2 x þ q 2 y q and z(x, y) is a d-correlated random phase. Details of the generation procedure for the profile Z(x, y) have been described in a number of previous papers [19 -21] . In the current literature [6] , it is accepted that majority of physical surfaces have scale-invariant spectrum C(q) ¼ 1/q b with exponent b % 0.9. The attraction to the surface is caused by an intermolecular (van der Waals) force. For the sake of simplicity, we simulate it by the gradient of Morse potential
where r j ¼ jr j 2 Z(x, y)j with physically reasonable amplitude U 0 ¼ 10 nN nm and the minimum located at the distance r 0 ¼ 0.001 mm from the surface. The amplitude of the numerically generated surface is taken to be comparable to the radius of van der Waals interaction A ¼ r 0 . Flexible and thin parts of every fibre interact with corresponding regions of other fibres of the array. Interaction force has the same origin as their attraction to the stiff substrate U interact (r) ¼ U 0 (1 2 exp(2r jk /r 0 )) 2 and comparable characteristic parameters U 0 ,r 0 . For simplicity of the model, we reduce mutual interaction of the fibres by the interaction of the nearest neighbours: r jk ¼ jr j 2 r j+1 j. This force is responsible for the clusterization of the fibre structure, and our goal here is to study whether specific spatial distribution of the fibres can prevent it. Our numerical experiment is organized as follows. We place fascicle-like seta in the position where distance from the last segment (closest to the surface) is comparable to r 0 and allow it to move according to standard equations of motion
where total force accumulates all above interactions
interact . When the process starts, a closest segment is normally attracted to the surface first (electronic supplementary material, movies 1 and 2). Owing to mutual elastic and molecular interactions with all other segments, it tends to cause consequent attraction of all of them. From the other side, all the segments are attached to the root and transfer the interaction to it. Being rigidly fixed by one of its ends at zero point, this segment can not only completely move with all other ones, but it also can rotate to minimize a distance between its free end and the surface.
Results and discussion
To simplify visualization and plotting of the results, let us first discuss this process for reduced two-dimensional system, which moves in the fx, zg-plane. In this case, instant positions of the segments at some discrete time moments, as well as trajectories of all the joint points connecting the segments, can be simultaneously depicted in a quite transparent planar plot. Typical scenario of the motion is presented in figure 3 (electronic supplementary material, movie 1) , where instant positions and the trajectories are shown by black and grey lines, respectively. 
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Rotation of the root segment is the key difference between this scenario and ordinary attraction of regular grid of vertical fibres. As is seen directly from figure 3, this rotation leads to a directed proximal shift of the attachment point along the surface and results in an effective healing effect. In other words, additionally to the vertical attraction to the surface, all the fibres simultaneously slightly move along it. Previously, it was experimentally and theoretically demonstrated that such shear movements applied to the spatulae enhance adhesion of thin tapes [2, 12] . Such a motion must have an important effect in the real biological system, because it automatically stimulates more efficient increase of a fraction of the attached spatulae in contact process, and most importantly it does not require active control by the animal. In addition, it is important to note that owing to this process all terminal spatulae turn oppositely to the direction of motion. When they attach to the surface by their very tips, shear motion shifts them against already established contact points. As a result, the spatulae flip around them. This rotation produces typical configurations that are clearly seen in SEM images of real gecko hairs attached to the surface (figure 1g), where spatulae are usually turned in one direction, which is opposite to their original orientation (figure 1e,f ).
As mentioned above, mutual shift of the spatulae in vertical direction should prevent their clusterization after detachment from the surface. The main problem, causing clusterization, is that spatulae tend to attract to the same regions of the surface (mainly to the asperities protruding from the surface into direction of the fibres). When the fascicle of the nanofibres starts to detach from the surface, the nearest fibres are located already close to one another and will remain attracted even after complete detachment. As a result, in further attachment cycles, the whole system becomes already modified by the preliminary process, and will not operate properly.
The three-dimensional spatial configuration of the seta with its branches of nanofibres and terminal spatulae has been optimized by natural selection. Our numerical experiment confirms intuitive expectation that if flexible ends of the nanofibres are shifted one from another in the vertical direction, stored elastic energy, tending to return them to their original position, easily separates them. On the other side, at given trial angle w 0 , very strong shift of some of the fibres in vertical direction must prevent their attachment to the surface. It leads to a formal problem of optimization.
To solve this problem, we compared numerical solution of the equations of motion equation (2.4) with and without mutual interaction between the fibres. The results are summarized in figures 4 and 5, respectively, where time-depending fraction of the attached nanofibres and rotation angle w are presented together with their final values at different shift D (dimensionless value which corresponds to the difference between maximal and minimal length of the fibres normalized to their maximal length). In the case of the non-interacting fibres, the results are quite trivial. The fraction of the attached fibres gradually decreases with the shift D. Time-depending behaviour of the angle w is also quite predictable here. When the very first fibres attach to the surface, the angle w starts to grow. Elasticity works against this rotation and in principle stops the angle w at some final value at t ! 1. If the upper fibres are strongly shifted in vertical direction, they do not participate in the attraction, and it prevents the rotation as well. The final angle w at t ! 1 is defined by a balance of the forces caused by the very few attached lowest fibres and falls down at some shift D. decreases. However, as we found from the numerical experiment, attraction of the upper fibres to the attached ones still favours the rotation, and the final angle w grows.
One of the important disadvantages of the two-dimensional model is that it does not reproduce a distance between the spatulae in the y-direction orthogonal to the rotation plane fx, zg. However, this coordinate becomes extremely important when all the fibres contact the surface. As mentioned above, rotation of the structure leads to the effect of shear, which aligns all the spatulae in one direction. As result, in many places, they formally overlap on the surface and their mutual attraction and, respectively, a tendency to the clusterization becomes overestimated by the two-dimensional model.
In reality, they are moved apart, as is shown in the conceptual three-dimensional picture (figure 2) in the fx,yg projection and remain separated, when they come in contact with the substrate (electronic supplementary material, movie 2). Moreover, numerical experiments show that the specific configuration of forces, which appears in the particular system in contact process, turns the spatula fx,yg-plane to the opposite radial orientation around a common point, where all of them remain attached to the root segment. Two different views on typical final attached configuration are shown in figure 6a,b.
Being separated even on the surface, the spatulae can easily return to their initial positions shown in figure 2 . This effect prevents their clusterization and allows practically infinite number of repeats of the attachment-detachment cycles.
Overall, this model shows that in addition to the hierarchical organization of the seta [17, 18] , its non-symmetric structure and non-uniform distribution of nanofibres lead to the preventing of clusterization. Such a sophisticated non-uniformly distributed three-dimensional structure additionally provides rotation-induced proximal shear of spatulae, which is crucial for contact formation of spatulae and formation of adhesive contact in thin tapes [12] . Because these effects are entirely based on particular geometry of the seta, it certainly would have practical application, owing to simple, purely mechanical, effect for the enhancement of the performance of artificially made fibrillar adhesives. 
